. In this study, we tested the hypotheses that angiogenic induction can be increased and pericyte differentiation decreased by pretreatment of hASCs with hypoxic culture and that hASCs are similar to human bone marrow-derived stromal cells (hBMSCs) in these regards. Our data confirms previous studies showing that hASCs: 1) secrete pro-angiogenic proteins, which are upregulated following culture in hypoxia, and 2) migrate up gradients of PDGF-BB in vitro, while showing for the first time that a rat mesenteric model of angiogenesis induced by 48/80 increases the propensity of both hASCs and hBMSCs to assume perivascular phenotypes following injection. Moreover, culture of both cell types in hypoxia before injection results in a biphasic vascular length density response in this model of inflammation-induced angiogenesis. The effects of hypoxia and inflammation on the phenotype of adult progenitor cells impacts both the therapeutic and the basic science applications of the cell types, as hypoxia and inflammation are common features of natural and pathological vascular compartments in vivo.
adipose-derived stromal cells; inflammation; hypoxia; microvasculature; adult stem cells THE ABILITY of tissues to grow and stabilize new blood vessels in the presence of inflammation, ischemia, and hypoxia (as is desirable in wound healing, traumatic brain injury, stroke, and both coronary and peripheral vascular disease) depends on the maintenance and support of new and existing microvessels. Moreover, if engineered three-dimensional tissue equivalents (e.g., for bone, skin, nervous tissue, and cardiac tissue replacement) are to be realized as a viable therapeutic option, microvascular perfusion of these constructs must be facilitated and maintained in vivo. The overwhelming majority of approaches to engineer microvessels, both ex vivo and in vivo, have focused on the construction of new endothelialized tubes. Yet, these approaches have largely failed because the engineered microvessels are only transiently functional and quickly regress. Thus promoting long-term and stable revascularization remains a critical and challenging aspect of regenerative medicine.
Considering that every vessel in the body is covered with perivascular cells (e.g., pericytes and smooth muscle cells) and that microvessels cannot subsist and function without these cells, it is not surprising that approaches focusing exclusively on reendothelialization fail. The recruitment of stabilizing perivascular cells to the ablumenal surface of microvascular endothelium is essential to the persistence of vascular networks in vivo. Therefore, identification of therapeutically relevant approaches for revascularizing tissues with perivascular support cells that will enable long-term maintenance and perfusion is central to most regenerative strategies (14) .
Pericytes, in particular, are known to stabilize and maintain endothelial cells, preserving otherwise transient increases in vascularity and preparing microvessels for investment of vascular smooth muscle cells via contact signaling in the form of ablumenal "wrapping" of small vessels (3, 4, 43, 47) . The identifying characteristics of pericytes continue to be debated, but a consensus seems to be forming that pericytes are cells that physically align with the ablumenal surface of microvascular endothelium, extend pseudopods that enwrap microvessels, and express a panel of differentiation markers, such as neuron glial antigen-2 (NG2), smooth muscle ␣-actin (SMA), platelet-derived growth factor ␤-receptor (PDGF␤R), and desmin (3, 4, 6, 17, 31, 32, 47) . Pericytes are known to exhibit directed migration and proliferate in response to the homodimer PDGF-BB and vascular endothelial growth factor (VEGF) (3, 18) . It has also been suggested that pericytes represent a multipotent cell population capable of supporting angiogenesis with the potential for adipogenesis, chondrogenesis, osteogenesis, and myogenesis (44) .
The stromal vascular fraction harvested from adipose tissue contains a subpopulation of adipose-derived stromal cells (ASCs) that are the subject of a growing body of research. Studies suggest that human ASCs (hASCs), or a subpopulation thereof, contain progenitor cells that are an attractive source of pericytes for therapeutic use. ASCs have been shown to possess many of the same regenerative qualities as bone marrowderived stem cells (BMSCs) while offering more attractive harvest and yield parameters. In animal hindlimb ischemia models, it has been shown that ASCs and BMSCs are able to rescue ischemic hindlimbs from autoamputation, increase capillary density, and improve blood flow downstream of the ligation (28, 33, 39, 41) . However, the mechanism(s) responsible for these functional benefits is still in question. Data has been furnished by several groups, including ours, suggesting that hASCs are able to increase vascularity by differentiation into pericytes, which are capable of stabilizing the microvasculature, preventing vascular regression, and promoting longterm microvessel maintenance (3, 9, 46) . Specifically, we have previously shown that hASCs injected intraperitoneally incorporate and assume pericyte-like phenotypes following a wellcharacterized inflammatory response elicited in the rat mesentery by intraperitoneal injection of compound 48/80, a mast cell degranulation agent (3) . Additional experimental evidence points to indirect paracrine-mediated mechanisms, whereby the production and secretion of pro-angiogenic factors by hASCs may serve to enhance and promote angiogenesis (11, 41, 48, 49) .
A number of recent studies report interesting effects of hypoxic culture on stem cell phenotype and behavior that are immediately relevant to the goals of tissue regeneration (1, 21, 22, 24, 26, 27, 42) . hASCs, in particular, have been shown to increase their secretion of angiogenic and anti-apoptotic factors following exposure to hypoxic culture conditions (5, 21, 37, 40, 41) . Moreover, it has been hypothesized that hypoxia may limit or delay the differentiation of progenitor cells, promoting a more plastic phenotype. For these reasons, it is important to determine the impact of hypoxic culture on the abilities of hASCs to assume a pericyte-like phenotype and/or contribute to vascular growth and stability following injection in vivo.
Thus the main goal of this study was to compare the ability of hASCs to assume pericyte-like phenotypes in an angiogenic setting after having been cultured under normal and hypoxic conditions. Based on previous studies, hypoxic culture was expected to limit the differentiation of hASCs into pericytes and enhance angiogenesis through elevated secretion of proangiogenic factors (11, 21, 41) . Furthermore, it was hypothesized that hASCs and human BMSCs (hBMSCs) would perform similarly with respect to perivascular cell incorporation following injection regardless of culture condition, since the literature shows a great deal of phenotypic and functional similarities between the two cell types (25, 30, 38, 39) .
METHODS
Cell culture. hASCs for in vivo studies were obtained from a 38-year-old female patient undergoing elective intraoperative suction lipectomy in the Department of Plastic Surgery at the University of Virginia. hASCs for in vitro studies were obtained from the same donor (labeled as Expt 3 in graphs) as well as from a 34-year-old female patient (labeled as Expt 1) and a 52-year-old male patient (labeled as Expt 2). hASCs were isolated as previously described, and tissue harvest protocols were approved by the University of Virginia's Human Investigation Committee (3). Briefly, harvested tissue was washed several times in Hanks' buffered saline and enzymatically dissociated. The dissociated tissue was filtered to remove debris, and the resulting cell suspension was centrifuged. Pelleted stromal cells were then recovered and washed twice, filtered twice (250 m mesh followed by 105 m mesh), centrifuged, and decanted. Contaminating erythrocytes were lysed with an osmotic buffer, and the stromal cells were plated onto tissue culture plastic (Nunc) at a density of ϳ2,000 cells/cm 2 (P ϭ 0). hBMSCs from two separate male donors were obtained from STEMCELL Technologies (Vancouver, BC, Canada) and were cultured in the same manner as hASCs. All cells were used between passages 2 and 4 except for Boyden chamber assays where cells were used between passages 3 and 5.
Cells were fed every 2 to 3 days and passaged using Accutase (Innovative Cell Technologies, San Diego, CA) upon reaching confluence. hASC culture media consisted of DMEM/F12 (Invitrogen, Carlsbad, CA) supplemented with 10% FBS (Invitrogen) and 1% penicillin-streptomycin (Invitrogen). hBMSC culture media consisted of DMEM/F12 supplemented with 20% FBS and 1% penicillinstreptomycin.
Creation and validation of hypoxic vs. normal culture conditions. hASCs and hBMSCs to be preconditioned in hypoxic culture conditions (HCC) were placed in a Modular Incubator Chamber (BillupsRothenberg, Del Mar, CA), which was then perfused with 5% CO 2 with balance N2 for 20 min to purge the chamber of oxygen. The chamber was then sealed and incubated at 37°C for 48 h. This method was previously shown to create hypoxic conditions to induce positive staining for pimonidazole adducts in hASCs using Hypoxyprobe-1, indicating induction of PO 2 less than or equal to 15 mmHg (Ͻ2% O2) (1), and to increase the intracellular concentration of hypoxia-inducible-factor-1␣ (HIF-1␣) in rat pulmonary endothelial cells (35) . hASCs and hBMSCs that were cultured in normal culture conditions (NCC) were maintained at 37°C with 5% CO 2 in a standard cell culture incubator.
Cell viability assay. To determine whether adult stem cells were viable following 48 h of hypoxia, hASCs and hBMSCs were assayed with LIVE/DEAD Viability Kit for Mammalian Cells (Invitrogen). Parallel cultures of both hASCs and hBMSCs were cultured in either NCC or HCC for 48 h. At the end of the 48-h period, culture medium was aspirated, and a solution of 2 mM calcein AM and 4 mM ethidium homodimer-1 (EthD-1) was applied directly to all four cell groups. Images were obtained using a ϫ20 Nikon air objective, an Olympus Microfire digital camera (Olympus, Tokyo, Japan), and a Nikon TE2000-E2 microscope equipped with fluorescent confocal accessories.
Analysis of secreted proteins. ASCs were given fresh culture medium and cultured in either NCC or HCC for 48 h. At the conclusion of the 48-h time course, HCC ASCs were removed from hypoxia and supernatant was collected from each group immediately (0 h time point). Each experimental group was given fresh culture medium and was cultured under NCC for an additional 48 h. At the end of this 48-h time period, supernatant was once again collected from both groups (48 h time point). BMSCs were cultured in parallel to the NCC ASC group, with simultaneous supernatant collection (0 and 48 h time points). All samples were submitted to Searchlight Sample Testing Service (Pierce Biotechnology, Woburn, MA) for analysis of human hepatocyte growth factor (HGF), VEGF, matrix metalloproteinase-2 (MMP2), and tissue inhibitor of metalloproteinases-1 (TIMP-1) content. Unconditioned hASC and hBMSC media samples were collected as negative controls. Conditioned media and negative controls were shipped to Pierce Biotechnology overnight on dry ice after collection. All samples were analyzed in duplicate, and each condition is reported as the average of three repeated experiments, less the average of the applicable negative control samples.
In vitro migration assays. Scratch tests were performed as previously described (3). Briefly, confluent NCC hASCs and hBMSCs were serum starved for 48 h before experimentation using DMEM/ F12 media with 0% FBS and 1% penicillin-streptomycin to limit the effects of proliferation on migration test results. A separate group of confluent hASCs, cultured in the same media, was placed in HCC for 48 h while being serum starved. Then a 1,000-l pipette tip was used to scratch five wounds in each dish of cultured cells before the dishes were washed with Dulbecco's phosphate-buffered saline. The cells were then subjected to culture in DMEM/F12 containing no serum, 1% antibiotic-antimycotic, and 10 ng/ml recombinant human PDGF-BB (R&D Systems, Minneapolis, MN). Individual untreated controls containing only DMEM/F12 with 1% antibiotic-antimycotic were run in parallel. Scratch wounds were imaged at 0, 12, 20, and 30 h after introduction of scratches, and a minimum of 75 fields of view (FOVs) were quantified for each cell type, treatment group, and time point. In all cases, scratch healing was determined by measuring the shortest distance between scratch edges in each field of view. HCC hASCs were removed from hypoxia and immediately scratched, washed, and either imaged in an identical manner as NCC hASCs and hBMSCs.
Boyden chamber migration assays were also used to assess hASC and hBMSC migration in response to angiogenic growth factors. The lower chamber of a Transwell was filled with 3 ml of either hASC or hBMSC media containing one of the following: human PDGF-BB (50 ng/ml, R&D Systems), human VEGF 165 (100 ng/ml, Biovision), or no additives. hASCs and hBMSCs cultured under NCC were lifted from cell culture dishes using Accutase, stained with 1,1=-dioctadecyl-3,3,3=3=-tetramethylindocarbocyanine perchlorate (DiI), resuspended in the corresponding media at a concentration of 50,000 cells/cm 2 of culture surface in 1 ml/well aliquots, and plated on the upper surface of Transwell membrane inserts (Corning). After 30 h of culture in NCC, inserts were removed and placed on glass coverslips. The upper surfaces of the inserts were scraped using cell scrapers, and the remaining cells were fixed in 4% paraformaldehyde for 5 min. Inserts were washed three times and imaged using fluorescence microscopy. Migrated cells were counted in 10 FOVs per group (cell type and chemotactic additive), and three repeats were performed per group. The analyst was blinded to group and treatment during data analysis.
Stimulation of microvascular remodeling with compound 48/80 and cell injections. Experiments were performed using sterile techniques according to the guidelines of the University of Virginia Animal Care and Use Committee. Eighty-four male nude rats (NCI) weighing between 125 and 225 g were divided into eight study groups Cell injection and Compound 48/80 treatments were performed as previously described (3). Briefly, Compound 48/80 was injected intraperitoneally (1 ml/100 g animal weight) in 0.9% sterile NaCl twice daily on days 1 (100 g/ml), 2 (200 g/ml), and 3 (300 g/ml) of the study and once daily on days 4 (400 g/ml) and 5 (500 g/ml). On day 4, 1 ϫ 10 6 DiI-labeled hASCs or hBMSCs were injected in 0.5 ml sterile PBS ip using syringes with 25 3/8-gauge needles.
To rule out any direct effects of Compound 48/80 on injected hBMSC viability, cultured hBMSCs were exposed to media containing 5 g/ml of Compound 48/80 for 6 days. hBMSCs were then stained using a LIVE/DEAD viability kit and imaged under confocal microscopy. A similar study to investigate the impact of Compound 48/80 on hASCs viability was previously performed (3) .
Mesenteric window harvest and immunohistochemistry. Rats were anesthetized with intramuscular injections of ketamine (80 mg/kg body wt), atropine (0.08 mg/kg body wt), and xylazine (8 mg/kg body wt). Ten mesenteric windows were harvested from each animal 10, 30, or 60 days after cell injection. Tissues were whole mounted on gelatin-coated slides before immunostaining.
To determine whether injected cells expressed markers consistent with a perivascular cell phenotype, tissues were immunostained for an array of markers known to be expressed by smooth muscle cells and pericytes, including: NG2 (1:150, rabbit polyclonal, Chemicon), SMA (1:500, FITC-conjugated clone 1A4 mouse monoclonal anti-SMA, Sigma), and PDGF␤R (1:100, rabbit polyclonal, Santa Cruz Biotechnology). Tissues were washed in PBS with 0.1% saponin for 10 min three times and immunolabeled with primary antibody as well as lectin from Bandeiraea simplicifolia (BSI-lectin) preconjugated with Alexa Fluor 647 (1:200; Invitrogen) diluted in PBS buffer containing 0.1% saponin and 2% bovine albumin (Fisher Scientific) at pH 7.4 (incubation for 1 h at room temperature). Goat anti-rabbit 488-conjugated secondary antibodies were applied for 1 h at room temperature to NG2 and PDGF-␤R samples for 1 h following three washes of 0.1% saponin in PBS for 10 min each. Goat anti-rabbit IgG negative staining controls as well as secondary stain only negative controls were used to stain at least one extra window per animal. All samples were washed three more times with PBS with saponin after the final round of staining before being mounted with a glass coverslip.
Image acquisition and quantification of harvested mesenteric windows. Mesenteric tissues were examined with a Nikon Eclipse TE2000-E microscope equipped with confocal accessories (Nikon D-Eclipse C1) using ϫ20 Nikon water/oil and ϫ60 Nikon oil immersion objectives. FOVs were selected and images were taken by an analyst blinded to the treatment group and animal identity according to a conditional FOV selection hierarchy (supplemental Fig. 10 ). An average of 95 images was analyzed for each injection group at each time point. Three images of different FOVs were taken of each of 10 windows harvested from each rat. At least 3 rats were analyzed for each injection group at each time point, with the exception of animals receiving Compound 48/80 stimulation along with HCC hASCs harvested at day 30 as well as animals receiving no inflammatory stimulation and either PBS or HCC hASCs harvested at day 10 (each of these 3 groups represent at least 51 images obtained from 2 animals). The number of DiI-positive cells per tissue area and total microvessel length were quantified. To compliment and expand upon immunophenotypic findings, detected cells were examined for pericyte-like morphology, defined here as hASCs whose bodies were no greater than 5 m from the abluminal surface of the endothelium. Pericyte-like phenotype was calculated by determining the percentage of cells associating closely with vessels (within 5 m) that also expressed each perivascular marker. Perivascular marker expression was quantified relative to the number of DiI-positive cells. Morphometrists were blinded to the treatment group at the time of analysis.
Statistical analyses. Results are presented in the form of means Ϯ SE, unless otherwise noted. Comparisons for all data were made using the statistical analysis tools provided by SigmaPlot 5.0 (Systat Software, Chicago, IL). Data were analyzed by unpaired t-test or MannWhitney rank sum test when normality tests failed. Significance was asserted at P Ͻ 0.05.
RESULTS
hASCs and hBMSCs survive hypoxic culture conditions. hASCs were positive for calcein after both NCC and HCC, indicating esterase activity within the cells, a characteristic of live cells (supplemental Fig. 1 ). Very few instances of EthD-1 fluorescence were observed in NCC or HCC hASCs, indicating that EthD-1 was successfully prevented access to the cells' nucleic acids, another characteristic of living cells with intact and functional plasma membranes. Similarly, hBMSCs fluoresced brightly for calcein and rarely showed positive staining for EthD-1 after either NCC or HCC. However, HCC hBMSCs were observed exhibiting inhibited cell spreading and decreased cell-cell contact relative to NCC controls.
ASCs secrete angiogenic proteins. Supernatant collected from hASC and hBMSC cultures showed that both cell types secrete the growth factors HGF and VEGF 165 (Fig. 1) . At the 0-h time point, HGF secretion was shown to be significantly higher in NCC hASCs (1.05 ϫ 10 Ϫ4 pg/cell) than in hBMSCs (0.045 ϫ 10 Ϫ4 pg/cell), but HGF secretion by HCC hASCs were not statistically different from either group (0.066 ϫ 10 Ϫ4 pg/cell) (Fig. 1A) . At the 48-h time point, HCC hASCs were found to have secreted significantly more HGF (2.53 ϫ 10 Ϫ4 pg/cell) than NCC hASCs (1.55 ϫ 10 Ϫ4 pg/cell). HCC hASCs also secreted significantly more HGF between the 0-h and 48 h time points than during the 2 days before the 0-h time point.
VEGF 165 secretion was highest for hBMSCs (4.98 ϫ 10 point, with both groups producing significantly more VEGF 165 than NCC hASCs (1.69 ϫ 10 Ϫ3 pg/cell) (Fig. 1C) . There was no significant difference in VEGF 165 secretion between HCC hASCs and hBMSCs at this time point. At the 48-h time point, hBMSCs secreted significantly more VEGF (0.012 pg/cell) than either NCC hASCs (9.85 ϫ 10 Ϫ4 pg/cell) or HCC hASCs (1.99 ϫ 10 Ϫ3 pg/cell). Also, the amount of VEGF secreted by hBMSCs was significantly higher at the 48-h time point than at the 0-h time point, while the amount of VEGF secreted by each hASC group decreased significantly over the same interval. At the 48-h time point, significantly more VEGF was produced by HCC hASCs than by NCC hASCs.
ELISA was also used to assay the impact of HCC and NCC on the ability of hASCs and hBMSCs to secrete proteins related to extracellular matrix modification. NCC hASCs, HCC hASCs, and hBMSCs all secreted statistically similar amounts of MMP-2 (0.084, 0.072, and 0.107 pg/cell, respectively) at the 0-h time point, but hBMSCs secreted significantly more MMP-2 at the 48-h time point (0.121 pg/cell) than either NCC hASCs (0.057 pg/cell) or HCC hASCs (0.073 pg/cell) (Fig. 1B) .
TIMP-1 secretion was higher for HCC hASCs (0.868 pg/ cell) and NCC hASCs (0.784 pg/cell) than for hBMSCs (0.260 pg/cell) at the 0-h time point (Fig. 1D) . NCC hASCs continued to produce significantly more TIMP-1 (0.520 pg/cell) than hBMSCs (0.340 pg/cell) at the 48-h time point.
ASCs functionally respond to chemotactic growth factors. PDGF-BB significantly increased hASC migration in the scratch test assay over untreated vehicle controls (i.e., no chemokine) at 12, 20, and 30 h, regardless of whether the hASCs had been cultured in HCC or NCC (Fig. 2A) . hBMSCs, on the other hand, did not show a significant increase in migration as assayed by scratch wound closure at any time point over untreated vehicle controls. Moreover, hBMSCs showed less scratch wound closure at each time point in the presence of PDGF-BB than NCC hASCs. hBMSCs showed more baseline migration than HCC hASCs under untreated conditions at all time points but less migration in the presence of PDGF-BB at all time points. At all times of data collection, NCC hASCs closed scratch wounds to a greater extent than HCC hASCs.
In Boyden chamber migration assays, NCC hASCs, HCC hASCs, and NCC hBMSCs exhibited a directional chemotactic migration response in the presence of PDGF-BB compared with untreated controls (Fig. 2B ). An increase in migration was observed when HCC hASCs were placed in a VEGF 165 gradient, but changes in migration for NCC hASCs and NCC hBMSCs (compared to untreated controls) were inconsistent and, for the most part, negligible. Significant increases in hASC migration were observed for only one donor between HCC hASCs and NCC hASCs in the presence of both VEGF 165 and PDGF-BB gradients, but experiments using a second donor showed similar trends. NCC hBMSC migration for a second donor (Expt 3) did not agree well with the two experiments performed with the first donor (Expts 1 and 2, Fig . 2B); however, the absolute value of migrated cells was also found to be much lower with the second donor than the first (supplemental Fig. 4) . No mitogenic effect from PDGF-BB stimulation was observed for either cell type during nonquantitative assessment of cell number.
hASCs and hBMSCs assume pericyte-like phenotypes in response to inflammation in vivo. hBMSCs treated with 5 mM Compound 48/80 in culture for 6 days maintained cell viability (supplemental Fig. 2 ) based on EthD-1 exclusion and positive enzymatic activity on calcein AM media additive. We have previously confirmed a similar result for hASCs (3) . SMA expression was negligible for NCC hASCs (0.0%), HCC hASCs (0.0%), and hBMSCs (4.17%) when treated with Compound 48/80 in culture for 48 h following 48 h of either HCC or NCC, depending on the group.
When rat mesenteric tissues were imaged following intraperitoneal injection of HCC hASCs, NCC hASCs, or NCC hBMSCs, each of these injected cell populations were identifiable in tissue sections harvested 10, 30, and 60 days postinjection, confirming their ability to incorporate into tissue. Moreover, each group of cells exhibited some expression of the pericyte markers PDGF␤R, NG2, and SMA (Fig. 3, day 60 shown). The percentages of cells expressing these markers, however, were almost all Ͻ50% of the total number of ob- Each of the three cell types showed increased perivascular association by day 60 when introduced into an inflamed environment compared with when they were introduced into a quiescent environment (i.e., an environment where Compound 48/80 was not introduced to stimulate inflammation) (Fig. 4) . Perivascular association of NCC hBMSCs increased from day 10 to day 60 in mesenteries treated with Compound 48/80, but there was no difference between the percentages of perivascular association by NCC hASCs at any of the three time points measured. Perivascular association of HCC hASCs was biphasic during the study, dropping significantly at day 30 before rising again at day 60.
By day 60, the percentages of perivascular-positioned hASCs or hBMSCs that also expressed the three pericyte markers (PDGF␤R, NG2, and SMA) were significantly higher for each cell type when the cells were injected into animals that had received Compound 48/80 than in unstimulated animals (Fig. 5, A-C) . NG2 was the first marker to show a significant increase in expression by all cells delivered to inflamed (Com- pound 48/80-treated) tissues over unstimulated tissues (Fig. 7,  day 30) .
Impact of hASCs and hBMSCs on microvascular length density. Vascular length density measurements showed that animals treated with Compound 48/80 had higher blood vessel densities than animals that did not receive inflammatory stimulation (Fig. 6A) . The one exception to this result was at day 30 in animals receiving HCC hASCs; for this time point and cell group, animals showed similar vascular length densities regardless of Compound 48/80 treatment. In contrast to this dip in length density in animals treated with HCC hASCs, the vascular length density of animals receiving Compound 48/80 and either NCC hASCs or hBMSCs was found to increase from day 10 to day 30, with significant increases holding through day 60.
When the angiogenic efficiency of the injected cells (as calculated by dividing the length density by the number of cells per FOV) was examined, more vascular length density per cell was observed in animals receiving Compound 48/80 compared with animals receiving vehicle injections (Fig. 6B) . Interestingly, these differences were significant (for all time points and cell groups) despite the fact that a higher number of cells were observed per FOV at day 10 in animals receiving HCC hASCs and vehicle injections instead of Compound 48/80 (supplemental Fig. 3 ). Angiogenic efficiency increased over the 60-day time course for NCC hASCs, but hBMSCs seemed to show a Animals receiving PBS instead of any cellular injection showed the highest vascular length densities at all time points compared with animals receiving cellular injections (data not shown). These data have been omitted because it was found that the FOV selection protocol (as outlined in supplemental Fig. 10 ) artificially inflated vascular length density values for PBS controls. Briefly, FOV selection was based first on the highest densities of cells and then the highest apparent vascular density. Since PBS samples do not have any cells, the FOVs selected always had the highest vessel density in each window. This inherently increases the calculated vascular length density per FOV compared with groups receiving cell treatment in which the absolute highest vessel densities were only analyzed if cells were also present in the same FOV. It is worth noting that vascular length density values in animals treated with Compound 48/80 were significantly higher at all time points than animals not receiving Compound 48/80.
DISCUSSION
Adipose tissue is an appealing source of stem cells because of its abundance in most individuals, relative ease of harvest, robust culture qualities, utility in either autologous or allogeneic therapies, broad differentiation potential both in vitro and in vivo, and regenerative capabilities in vivo (16, 20, 36, 50, 52) . Along with other groups, we have previously demonstrated that a subpopulation of hASCs possesses the potential to contribute to angiogenesis and vascular stability in vivo via pericyte-like mechanisms (3, 46) and rescue ischemic tissue in preclinical models (28, 39, 41) . Clinical trials are now investigating the ability of hASCs to offer therapeutic advantages in a range of disease applications, including myocardial infarction, Crohn's fistulas, and soft tissue reconstruction (2, 13, 19, 29) . Consequently, direct and indirect evidence is mounting that hASCs are an appealing tool for regulating angiogenesis and microvessel stabilization.
It is well-established that most mesenchymal stem cells, including hBMSCs and hASCs, reside within specific microenvironments that are found in regionally localized niches (8, 9, 44) and actively respond to changes in their microenvironments by altering gene expression, production of growth factors, proliferating, differentiating, and undergoing morphological changes (10, 12, 23, 34, 51) . The amount of oxygen in a given microenvironment has been shown to be an important environmental cue for cell behavior, and both hASCs and hBMSCs have been shown to be functionally responsive to changes in oxygen levels (1, 5, 40 -42, 45) . Therefore, the aim of this research was to investigate the impact of culturing cells in different oxygenation environments on promoting the in vivo pericyte-like behaviors of hASCs in an established rat model of angiogenesis and microvascular remodeling. This work also directly compared the functional effects of hASCs on a remodeling vascular bed to those of the more thoroughly studied adult stem cell hBMSCs.
A very interesting result in this work arose from the choice of angiogenic stimulation. By using an inflammatory agent to induce angiogenesis in the rat mesentery, new blood vessels were formed without decreasing natural oxygenation or nutrient delivery to the tissue. When each of the three tested cell groups were placed into the inflamed environment created by Compound 48/80 stimulation, cells showed marked increases in perivascular association, pericyte marker expression, angiogenic efficiency and induced vascular length density. This result indicates that inflammation causes stromal progenitor cells to acquire a pericyte-like phenotype. As it has been asserted that pericytes function to counteract the effects of inflammation (15) , the assumption of pericyte-like phenotypes by stromal progenitor cells may be a mechanism by which inflamed environments are brought back to homeostasis. It is important to note that PBS controls also showed an increase in length density for all time points when injected into stimulated mesenteries compared with unstimulated mesenteries (data not shown). Therefore, it can be concluded that injection of NCC hASCs and hBMSCs into inflamed tissues increases vascular length density over time, but the absolute increase in vascular length density may not be significantly higher than what is seen in unstimulated tissues.
It was hypothesized at the outset of this study that culturing hASCs under HCC would increase the angiogenic paracrine activity of hASCs, leading to increased vascularity in inflamed tissues. Indeed, the secretion of VEGF and HGF were elevated in cells that had been exposed to hypoxic conditions, but proteins associated with migration, MMP-2, and TIMP-1 were largely unchanged. When HCC hASCs and NCC hASCs were subjected to scratch migration assays, it was found that baseline migration for NCC hASCs was higher than that of HCC hASCs. It was also observed that the addition of PDGF-BB increased the migration rate for hASCs compared with untreated controls (values Ͼ 1), regardless of culture oxygenation, indicating that hASCs increase their motility when in the presence PDGF-BB. During in vivo testing, it was observed that HCC hASCs showed a biphasic response with respect to perivascular association and vascular length density in mesenteric tissues stimulated with the inflammatory agent Compound 48/80 while NCC hASCs showed no such changes with respect to either metric. Taken together, these results could indicate a phenotypic switch in hASCs based on oxygen sensation. Hypoxic preconditioning was not used for hBMSCs during in vivo experimentation since hBMSCs appeared to be detrimentally affected bythe hypoxic culture conditions used in this study (as assessed by morphology and decreased baseline migration; supplemental Figs. 1 and 4) ; however, it has been shown that hBMSCs exhibit increased migration after hypoxia by other groups (42) .
As HCC hASCs showed increased secretion of VEGF and HGF and decreased migration relative to NCC hASCs in scratch tests, it can be hypothesized that hypoxic conditions induce a functional phenotype in hASCs primarily characterized by secretion in which migration pathways are less pronounced. Boyden chamber results, however, suggest that migration does not decrease when hASCs are subjected to hypoxia. It is important to note that these results do not constitute definitive proof of differentiation or dedifferentiation, and injected cells may be reverting back to a phenotype exhibited before harvest. Such a change in phenotype may also help to explain vascular length density readouts in which animals treated with Compound 48/80 and HCC hASCs showed decreased length density briefly at the day 30 time point, but NCC hASCs increased over the 60-day time course. Specifically, HCC hASCs, originally in an indirect paracrine vascular support role resulting from low-oxygen culture, may switch to a direct support role (as perivascular cells) after injection into the normally oxygenated peritoneal cavity of rat hosts. Furthermore, in vitro experiments measuring SMA expression support the assertion that HCC culture may delay the expression of SMA in hASCs (supplementary Fig. 3 ). This hypothetical oxygen-sensing mechanism is physiologically interesting because it would allow cells within a tissue to sense ischemic events, induce initial angiogenesis in the ischemic region through indirect paracrine mechanisms, and then to stabilize newly formed vessels through a direct perivascular investment mechanism before they lose cohesion (7) . It is likely that any oxygen-sensitive cells collected from hASC isolation represent a relatively small subpopulation of the cultured hASC cells. In the in vivo setting, it may be the case that native pericytes from the host animal were recruited to the vessels in response to paracrine secretions of the injected cells as well, since the number of native pericytes, while unquantified was observed to be far greater than the number of injected cells exhibiting pericyte-like phenotypes. Thus the delayed expression of mature pericyte markers by injected HCC hASCs may be caused in part by the initial recruitment of native pericytes through paracrine mechanisms. Cells acting as paracrine agents may or may not be the same cells that directly invest as pericytes, but their identification and purification hold value for both the understanding of the biology of remodeling blood vessel beds and the application of that biology in therapeutic approaches.
Some interesting similarities and differences were also observed in this research between NCC hASCs and NCC hBMSCs. hBMSCs showed a similar propensity to express pericyte markers, associate directly with blood vessels, and support vascular density as hASCs in vivo. hBMSCs were able to associate with blood vessels and express pericyte markers slightly earlier than NCC hASCs despite less baseline migration than hASCs in scratch tests. Additionally, Boyden chamber migration tests showed similar baseline migration between NCC hASCs and NCC hBMSCs, but the impact of HCC on migration was drastically different between the two cell types (supplementary Fig. 4 ). The observed differences may be a result of the relatively purity hBMSC population (cells were subjected to additional sorting by vendor based on surface marker expression and adherence to culture plastic) compared with hASCs, which were purified through adherence to culture plastic alone.
In summary, this study showed that oxygen concentration has an effect on hASC biology, normally cultured hASCs behave similarly in vitro and in vivo compared with hBMSCs, and inflammation has a dramatic effect on the assumption of pericytic phenotypes by stromal progenitor cells. These results suggest that hASCs and hBMSCs both have potential to improve vascularization when used therapeutically. In tissue engineering or regeneration applications where stabilization and support of blood vessels is critical, these cells are able to provide the necessary direct and indirect signals to maintain vascularity over significant periods of time. Based on ease of harvest and relative abundance, hASCs may offer the more practical option for commercial therapeutic strategies, but the mounting experimental evidence of similarities between hASCs and hBMSCs may mean that the two cell types, while distinct, are developmentally linked.
